itrides are an exciting space for materials design [1] [2] [3] , as exemplified by state-of-the-art nitride materials for solid-state lighting 4, 5 , ceramic hard coatings 6 , ammonia-synthesis catalysts 7 , permanent magnets 8 , superconductors 9 , electrides 10, 11 , topological materials 12 and more. The nitride (N 3− ) anion imparts unique electronic and bonding characteristics that are difficult to achieve in other chemical spaces, leading to useful optoelectronic and defecttolerance properties 13 as well as strong metal-nitrogen bonds for structural stability and mechanical stiffness 14 . Despite much promise in the functionality of nitride materials, the nitrides remain relatively unexplored, with fewer than 400 unique ternary metal nitrides catalogued in the Inorganic Crystal Structure Database (ICSD), in contrast to over 4,000 ternary metal oxides. The paucity of known nitrides can largely be attributed to the challenging requirements of nitride synthesis. Because the N 2 molecule is so stable, solid-state nitrides generally have small formation energies; they decompose at high temperature; and they must be synthesized in oxygen-and water-free atmospheres to achieve high purity 2, 15, 16 . These stringent synthesis constraints, coupled with the poor intrinsic stabilities of nitrides, impose considerable risk on the exploratory synthesis of nitride materials.
. Despite much promise in the functionality of nitride materials, the nitrides remain relatively unexplored, with fewer than 400 unique ternary metal nitrides catalogued in the Inorganic Crystal Structure Database (ICSD), in contrast to over 4,000 ternary metal oxides. The paucity of known nitrides can largely be attributed to the challenging requirements of nitride synthesis. Because the N 2 molecule is so stable, solid-state nitrides generally have small formation energies; they decompose at high temperature; and they must be synthesized in oxygen-and water-free atmospheres to achieve high purity 2, 15, 16 . These stringent synthesis constraints, coupled with the poor intrinsic stabilities of nitrides, impose considerable risk on the exploratory synthesis of nitride materials.
High-throughput computational materials science has emerged as a new paradigm for materials discovery 17, 18 , helping to guide experimental synthesis efforts across broad and uncharted chemical spaces 19, 20 . Here, we employ a suite of computational materials discovery 21, 22 and informatics 23, 24 tools to survey, visualize and explain stability relationships across the inorganic ternary metal nitrides. Our investigation proceeds in three steps. First, we use crystalstructure prediction algorithms to probe the stability landscapes of previously unexplored ternary nitride spaces, identifying hundreds of promising new ternary nitrides for further exploratory synthesis. Guided by these predictions, we successfully synthesize seven new Zn-and Mg-based ternary nitrides. Next, we use unsupervised machine-learning algorithms to cluster together cations with a similar propensity to form stable or metastable ternary nitrides. To visualize these clustered nitride families, we construct a large and comprehensive stability map of the inorganic ternary metal nitrides. Our map reveals broad overarching relationships between nitride chemistry and thermodynamic stability, and inspires us to rationalize these trends from their underlying chemical origins 25 . To do so, we extract from the DFT-computed electron density the mixed metallicity, ionicity and covalency of solid-state bonding, which we use to formulate data-driven insights into the thermochemical and electronic origins of ternary nitride stability.
Beyond the nitrides, there remain many other unexplored chemical spaces awaiting experimental discovery. Our computational approach here can be further applied to these uncharted chemical spaces, not only to predict and synthesize new compounds, but also to visualize general trends over broad compositional spaces-providing maps and chemical intuition to help experimental chemists navigate exploratory synthesis at the frontier of solid-state chemistry.
Nitride chemistry and thermodynamic stability
In this work, we explore ternary nitrides over a 50 × 50 M 1 -M 2 -N composition space, where M consists of the 50 most common cations in the known nitrides: spanning over the alkali, alkaline-earth, transition, precious and post-transition metals, as well as the maingroup elements B, C, Si, S and Se. Within this composition matrix, known ternary nitrides are found over only 307 M 1 -M 2 -N spaces. To fill in the missing spaces, we first conduct a high-throughput computational search for new ternary nitride compounds. Previous computational searches for ternary nitrides have been constrained to either limited composition spaces 26, 27 or specific crystal structures 28, 29 . Here, we broadly sample over both composition and crystal structure, using a data-mined structure predictor (DMSP) 30 to perform statistically probable chemical substitutions on the known ternary nitrides, generating new but reasonable candidate ternary nitride phases in silico.
Previously, we trained a DMSP algorithm specifically for nitride discovery (Methods) 31 ; we use it here to extrapolate the 340 known ternary nitrides (213 stable + 127 metastable) to 6,000 hypothetical ternary nitride structures, surveyed over 963 ternary M 1 -M 2 -N spaces. We evaluate the phase stability of these DMSPgenerated nitrides using ab initio thermodynamics, leveraging the tools and precomputed data from the Materials Project database (Methods) 32, 33 . Our results are summarized in Table 1 . Notably, we predict 244 new stable ternary nitride compounds, more than doubling the 213 previously known stable ternary nitrides. These stable ternary nitrides span 293 ternary M 1 -M 2 -N spaces, 93 of which were not previously known to contain any stable ternary nitrides. A small subset of these stable ternary nitrides were identified in previous computational searches (refs. [26] [27] [28] [29] and Supplementary Section 1) and have been reconfirmed here.
Permuting chemistry and crystal structure on the known ternary nitrides provides a computationally efficient probe of formation energies over broad ternary nitride compositions. One limitation of the DMSP is that, because it operates by chemical substitution, if the structural prototype of a ground-state nitride has never been observed before, then the DMSP cannot predict it. Nevertheless, because most ternary nitride spaces are unexplored, the prediction of any ternary nitride structure with negative formation energy in an otherwise empty chemical space implies that the true groundstate structures and compositions must be even lower in energythereby highlighting that ternary space as a compelling target for further theoretical and experimental investigations.
A stability map of the ternary metal nitrides
A long list of predicted compounds can be difficult to navigate, and does not provide an intuitive picture of the structural form of a chemical space. Similar to how Mendeleev's periodic table revealed the underlying structure of the elements, an effective visual organization can reveal hidden relationships and chemical families within the ternary metal nitrides. Here, we elucidate the structural form 34 of the ternary nitride space using hierarchical agglomeration 35 which is an unsupervised machine-learning algorithm-to cluster together metals with a similar propensity to form either stable or metastable ternary nitrides. To capture both large-scale stability trends and local chemical relationships, we build a multi feature distance metric that considers for each ternary nitride its formation energy, whether it is stable or metastable, and the periodic group in which the metal lies. These multiple features represent mixed data types (continuous, nominal and ordinal, respectively), which we combine into a single distance metric using Gower's method (Methods) 36 . The agglomeration algorithm clusters elements hierarchically by minimizing this multifeature distance matrix. The resulting dendrogram provides a phenotypic representation of the nitride chemical families, and results in a corresponding one-dimensional ordering of the metal cations. In the spirit of Pettifor's phenomenological structure maps 37 , we use this one-dimensional elemental ordering to construct a clustered heatmap of the ternary metal nitrides, shown in Fig. 1 , coloured to represent the stability of the ternary metal nitride with the lowest formation energy in each M 1 -M 2 -N chemical space. Our clustering algorithm parses the ternary nitrides map into distinct regions of stability (blue), metastability against binaries (green) and metastability against elements (red)-highlighting stable ternary nitride spaces that are promising for further exploratory synthesis, and metastable spaces where successful synthesis may require non-equilibrium synthesis routes. An interactive version of the map, with ternary phase diagrams and compound stability information for each M 1 -M 2 -N system, is available in Supplementary Section 3.
Stable ternary nitrides
Thermodynamically stable ternary nitrides comprise less than a third of the map, which is probably a confounding factor in the difficulty of ternary nitride discovery. Alkali and alkaline-earth ternary metal nitrides (Alk-Me-N) represent a majority of the stable spaces (200/293 = 68%), whereas stable non-alkali metal-metal nitrides (Me-Me-N) are less common, with small islands of stability scattered amongst the mixed transition-and precious-metal nitrides.
Our clustering algorithm distinguishes between three major groups of alkali/alkaline-earth metals in their ability to form ternary nitrides. The first group-Li, Ca, Sr and Ba-reacts with all elements to form ternary nitrides with negative formation enthalpy, ΔH f , most of which are thermodynamically stable. Na, K, Rb and Cs form stable ternaries with early and first-row transition metals, although they often react unfavourably (ΔH f > 0) with precious metals and metalloids. The clustering algorithm places Mg and Zn as intermediate between these two groups: Mg is less reactive than the other alkaline earth metals-forming ternaries less exothermically and forming fewer stable ternary nitrides overall; while Zn is a 
Fig. 1 | A map of the inorganic ternary metal nitrides, coloured to represent the thermodynamic stability of the ternary nitride with the lowest formation energy. Blue: stable ternary nitrides on the convex hull. Green: ternaries with ΔH f < 0 but metastable with respect to binaries. Red: ternaries metastable with respect to elements, ΔH f > 0. Triangles represent ternary nitride systems with entries in the ICSD. White spaces indicate that the DMSP did not find probable chemical substitutions to create a structure in that system. Elements are clustered on multiple features to indicate their propensity to form stable or metastable ternary nitrides. These clustered elements are represented phenotypically by a dendrogram, which parses the ternary nitrides map into regions of distinct stability and metastability. An interactive version of the ternary nitrides map, with phase diagrams and compound stability information for each ternary system, is available in Supplementary Section 3.
ternary nitrides when combined with most alkali and alkaline-earth metals. We eagerly await the experimental discovery of these newly predicted families of stable ternary nitrides.
Metastable ternary nitrides
Ternary nitrides that are metastable against decomposition into binary phases (green) or elemental phases (red) comprise a majority of the surveyed spaces. Although metastable nitrides should, in principle, be difficult to synthesize, ternary nitrides have been experimentally realized in 107 of the computed metastable spaces, shown in Fig. 1 by the inverted triangles. Indeed, we previously found nitrides to be the most metastable class of chemical compounds-having the largest fraction of metastable phases, as well as the highest average energies above the ground-state phases 38, 39 . The unusual metastability of nitrides can be attributed to the cohesivity afforded by strong metal-nitrogen bonds in the solid state, which can kinetically 'lock in' metastable nitride structures.
By formulating rational synthesis strategies for these metastable nitrides, we can expand the design space of functional nitride materials beyond equilibrium phases and compositions. One thermodynamic route to metastable nitrides is through nitrogen precursors that are less strongly bound than triple-bonded N 2 13, 31 , such as ammonia 15 , azides 40 or plasma-cracked N 2
41
. Recently, we showed that plasma-cracked atomic N precursors can reach nitrogen chemical potentials of Δμ N ≈ +1 eV per N, which can be used to sputter remarkably metastable nitride thin films, such as SnTi 2 N 4 (metastable by 200 meV per atom) 42 , or ZnMoN 2 in a wurtzite-derived structure (metastable by 160 meV per atom) 43 . High-pressure synthesis is another potent route to dense and nitrogen-rich metastable nitrides 44 . Using the method of Amsler et al. 45 , we further computed the stability of the DMSP-suggested ternary nitrides under elevated pressures and supercritical N 2 fugacity 43 (Methods). In Fig. 1 , we use orange boxes to highlight 63 spaces with metastable ternary nitrides stabilizable under Δμ N < +1 eV per N, and brown boxes to highlight 99 spaces with metastable ternary nitrides that are stabilizable under pressures of 1 GPa or more.
Metastable ternary nitrides are also accessible through soft solidstate synthesis routes; for example, delafossite CuTaN 2 is metastable by 127 meV per atom, but can be synthesized by ion exchange of Cu + for Na + from the stable NaTaN 2 phase 46 . Amorphous phases can also be a route to metastable ternary nitrides, whereby an atomically homogeneous amorphous ternary nitride precursor is gently annealed to a lower-energy, but still metastable, target crystalline phase 47, 48 . Decomposition of metastable ternary nitrides can also drive interesting functionality; for example, phase segregation of metastable Si-Ti-N alloys at high temperature leads to complex TiN/Si 3 N 4 layered heterostructures with superior mechanical properties for tribological applications 6 .
Validation of predicted ternary nitrides
Ternary II-IV nitrides (where II = Mg, Zn and IV = Si, Ge, Sn) have recently emerged as compelling semiconducting materials, due to their chemical similarity to III-N semiconductors 26, 49 . Here, we explore new Zn-and Mg-based ternary nitrides with transition-metal (TM) elements, targeting seven previously unexplored II-TM-N spaces for deeper investigation: Zn-Mo-N, Zn-W-N, Zn-Sb-N, Mg-Ti-N, Mg-Zr-N, Mg-Hf-N and MgNb-N. Following the broad DMSP stability screening, we next use kinetically limited minimization 43 to conduct a full unconstrained ground-state crystal-structure search in these seven spaces (Methods). We tabulate the resulting crystal structures and formation energies in Table 2 .
As illustrated in Fig. 2a , we predict Zn-based ternary nitrides to crystallize in a wurtzite-derived structure, and Mg-based ternaries to form in a rocksalt-derived structure. Using magnetron sputtering, we successfully synthesized crystalline ternary nitride thin films in all seven II-TM-N spaces. Figure 2b shows synchrotron X-ray diffraction (XRD) patterns of these synthesized nitrides. The experimental XRD patterns match the peak positions and intensities of reference patterns for rocksalt and wurtzite prototypes well, with small differences in relative intensities arising from the textured growth of the thin films, as well as different scattering powers within the unit cell. Notably, we do not observe peak-splitting relative to the ideal wurtzite or rocksalt structures, suggesting disorder on the cation sites, which may provide an interesting avenue to tune electronic properties 50 . See Methods and Supplementary Section 4 for further details of structure prediction, synthesis and characterization. We report the semiconducting properties of these new II-TM-N materials in separate publications.
Historically, the rate of discovering new ternary nitride M 1 -M 2 -N spaces has averaged about 3.3 per year, as illustrated in Fig. 2c . Our rapid experimental realization of ternary nitrides in seven previously unexplored M 1 -M 2 -N spaces validates the predictions from the map, bolsters confidence in the 86 other predicted spaces with stable nitrides and highlights the valuable role of computational materials discovery in accelerating exploratory synthesis in new chemical spaces.
Origins of ternary nitride stability
Understanding why certain metals react favourably to form stable ternary nitrides, whereas others do not, is a fundamental question that probes at the very heart of solid-state chemistry. We can achieve some insights towards this question by considering the geometric requirements of thermodynamic stability. A ternary nitride is stable if it is lower in free energy than any stoichiometric combination of its competing ternaries, binaries or elemental constituents. In formation-energy versus composition space, this stability requirement manifests geometrically as a convex hull, illustrated for a ternary A-B-N space in Fig. 3a . We can therefore rationalize the stability of a ternary nitride from (1) a thermochemical perspective-if a ternary nitride is lower in energy than its competing binary nitrides-and (2) a solid-state bonding perspective-how two metals interact electronically within a ternary nitride to raise or lower the bulk lattice energy of the ternary compound.
Thermochemical decomposition into competing binaries.
To quantify the thermochemical propensity of a ternary nitride to decompose into its competing binaries, we first define a feature named the 'depth of the binary hull' , referring to the lowestenergy binary nitride in a binary Me-N space. This binary-hull depth, illustrated in Fig. 3a by a black dashed line, serves as a proxy for the strength of the pairwise metal-nitrogen bond in the solid state. Figure 3b shows for each element the number of stable ternary spaces in which it forms versus the depth of the binary hull. A volcano plot emerges, where elements that have either shallow Electronic origins of ternary nitride stability. Alkali and alkalineearth metals stand out on the volcano in Fig. 3b , forming stable ternaries more readily than other elements with similar binary-hull depths. Qualitatively, we expect differences in the electronegativity between A, B and N to redistribute the electron density into different bonds, which in the solid state may have mixed metallic, ionic and covalent character. In the Methods, we describe new semiquantitative schemes to extract the metallicity 51 , ionicity 52 from the DFT-computed electron density. We plot this mixed solidstate bonding character for stable ternary nitrides in Fig. 4a , on the classic metallic-ionic-covalent axes of van Arkel triangles 53 . From Fig. 4a , we see that stable Alk-Me-N ternaries tend to exhibit greater ionicity and metal-nitrogen covalency, whereas stable Me-Me-N ternaries generally have higher metallicity. This distinction becomes even more apparent when the triangles are further separated into nitrogen-rich and nitrogen-poor nitrides, where this nitrogen excess or deficiency is compositionally referenced against the deepest-hull binary nitrides. Stable Alk-Me-N ternaries are mostly nitrogen rich, whereas most stable Me-Me-N ternaries are nitrogen poor. This dichotomy between nitrogen-rich and nitrogen-poor ternary nitrides can largely be understood by how electron density redistributes between the nitrogen anion and the more electronegative metal during a reaction from the deepesthull binary nitrides to a ternary nitride. Figure 4b plots the changes in ionicity of the nitrogen anion, Δδ N , and the more electronegative metal cation, Δδ B , during such a reaction. These changes in ionicity are proxies for ion oxidation and reduction, measured relative to the B or N ions as they exist in the corresponding deepest-hull binary nitrides (Methods).
The formation of nitrogen-rich nitrides can be rationalized primarily from the inductive effect 1, 54 , where an electropositive metal, A, donates electron density to its adjacent nitrogen anion, driving the formation of strong nitrogen covalent bonds with the more electronegative metal, B. As illustrated in Fig. 4b ,c, this electron donation from A generally leads to nitrogen reduction, which in turn oxidizes the metal B. Extensive oxidation of B can be compensated by excess nitrogen-explaining the formation of nitrogenrich nitrides. An oxidized cation and reduced anion increases the overall ionicity of the A δ+
[B-N]
δ− framework, resulting in nitride ceramics with very negative electrostatic Madelung energies. Because alkali and alkaline-earth metals are so electropositive, the inductive effect drives the strong exothermic formation energies of Alk-Me-N ternaries, explaining their predominance within the ternary nitride map. The inductive effect can also be operative in nitrogen-rich Me-Me-N: most frequently with Zn, which is a relatively electropositive transition metal and often acts as an electron donor-a fact empirically captured by the hierarchical clustering algorithm.
For stable nitrogen-poor nitrides, we propose a new mechanism named the reductive effect, where remarkably the nitrogen anion can also serve as an electron donor for metal reduction. For some ternary Me-Me-N compositions, Me-Me bonds may be stronger than Me-N bonds. As shown in Fig. 4c , the oxidation or release of electrophilic nitrogen anions (relative to the deepest-hull binaries) can redistribute electron density back to these strong Me-Me bonds, reducing the corresponding metals. The reductive effect can stabilize carbide-like structures, for example in Co 4− lattice (structure in Supplementary Section 9). The data-mining structure prediction algorithm used in this work operates on ionic substitution, which may not be ideally poised to predict nitrogen-poor nitrides due to their ambiguous valence states, suggesting that there may still be many Me-Me-N ternary nitrides stabilized by the reductive effect awaiting prediction.
Our analysis demonstrates that the nitrogen anion can be fairly amphoteric in the solid state-usually acting as an electron acceptor under the inductive effect to form oxide-like ionic/covalent nitride ceramics, but sometimes serving as an electron donor in the reductive effect, driving the formation of carbide-like metallic subnitrides. The span of electronic structures available to the ternary nitrides offers a rich design space for materials functionality. Incorporating an alkali metal into an otherwise metallic binary nitride can increase charge localization driven by the inductive effect, opening a bandgap for functional semiconducting nitrides suitable for solid-state lighting, piezoelectrics, photovoltaic energy conversion and more. On the other hand, nitrogen-poor nitrides possess metallic bonding punctuated by charge localization on nitrogen atoms, which can lead to complex electronic and magnetic structures, and may serve as the basis for new superconductors, permanent magnets and topological materials. Modifying the nitrogen stoichiometry within a chemical space can be an effective strategy to compositionally tune the electronic structure between the reductive and inductive effects. For example, varying the Zn/Mo ratio in a wurtzite-based Zn-Mo-N compound can modulate the molybdenum oxidation state from Mo 4+ to Mo 6+ , turning conductive ZnMoN 2 into insulating Zn 3 MoN 4 , a wide-bandgap semiconductor 43 .
Outlook
The library of inorganic solids has been dominated by oxides, whose structures and chemistries are often known from mineralogy. Compounds that do not form readily under ambient conditions, such as nitrides, offer a new frontier for materials discovery and design-so long as we have a rational understanding of the factors that drive stability in these relatively unexplored spaces. In this work, we used computational materials discovery and informatics tools to build a large stability map of the ternary nitrides space. Our objective was not only to predict and synthesize new ternary metal nitrides, but further to visualize large-scale relationships between nitride chemistry and thermodynamic stability, and to rationalize these trends from their deeper chemical origins. Our map as it stands is necessarily incomplete-it represents a current upper bound on the ternary nitride stability landscape. As new exotic structures and bonding motifs are discovered in the ternary metal nitrides, the procedures in this work can be iteratively reapplied to update and refine our understanding of this extended compositional space. From a broader perspective, our computational approach offers a systematic blueprint for mapping uncharted chemical spaces, providing synthetic chemists with guidance in their quest to continuously extend the frontier of solid-state chemistry.
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Methods
Ternary nitride structure prediction. Ternary nitride structures are generated using the data-mined structure prediction algorithm (DMSP) described in ref. 30 . Briefly, an ionic substitution matrix is trained on the ICSD, mapping isostructural compounds and identifying which cations are statistically likely to substitute for one another. In this work, the DMSP is trained on ionic substitutions in the pnictides (N + P + As + Sb), which is more predictive for nitride discovery than a substitution matrix trained over all inorganic solids-which otherwise becomes biased towards ionic substitutions that are common in the more thoroughly explored oxides and chalcogenides 31 . In general, substitution relationships in oxides are not applicable to nitrides because of differences in structure types, elemental coordination and metal redox chemistry for O 2− versus N 3− anions 55 . Training of the DMSP algorithm was performed on the ICSD as extracted in October 2015.
For the Zn-Mo-N, Zn-W-N, Zn-Sb-N, Mg-Ti-N, Mg-Zr-N, Mg-Hf-N and Mg-Nb-N systems, an unconstrained ground-state search was performed using the kinetically limited minimization approach 43 Phase stability calculations. We calculated the total energies of the DMSPsuggested nitrides with DFT using the Vienna ab initio software package (VASP) 56, 57 , using the projector augmented-wave method with the PerdewBurke-Ernzerhof exchange-correlation functional and projector augmented wave pseudopotentials. We used DFT basis cut-off energies and k-point densities in compliance with Materials Project calculation standards 58 . For each structure, we calculate ferromagnetic, ferrimagnetic and antiferromagnetic spin configurations, and choose the lowest-energy magnetic configuration for use in phase stability calculations.
Phase stability is computed using the convex hull phase diagram analysis package in Pymatgen 32 . Total energies of known nitride phases are retrieved from the Materials Project 33 using the Materials Project REST API 59 . Azides (for example NaN 3 , WN 18 ) are removed from the phase diagram when computing phase stability, as these require non-typical solid-state synthesis techniques. Materials Project data were retrieved in January 2018.
Multifeature hierarchical clustering.
We perform hierarchical clustering of the ternary nitrides using a multifeature distance matrix, based on the three features: formation energy, stability type (as indicated on the map as blue/green/red), and the periodic group in which the metal lies 36 . For each feature, we choose a distance metric that is best suited to the data type, and is scaled to fall between 0 and 1. For formation energy, which is continuous, we use the Euclidean distance. For stability type, which is a nominal data type, we use the Dice metric 60 . For periodic group, which is an ordinal data type, we use the Manhattan distance on columns as defined in the left-step periodic table 61 . The Gower distance, G, is a linear combination of the various distance matrices,
where W governs the weights of the various contributions 36 . We emphasize the clustering features with the following priority: formation energy of the stable compounds, formation energy of all compounds, chemical families, proximity of similar stability types (blue/green/red spaces) and white spaces (where the DMSP did not identify a reasonable compound substitution). Using the multifeature distance matrix between the various elements, we calculate the linkages using the 'average' method (UPGMA algorithm) and construct a dendrogram with optimal leaf ordering 62 . The branches are manually adjusted to order the elemental axes from left to right predominantly by stable (blue) → metastable versus binaries (green) → metastable versus elements (red). The resulting one-dimensional ordering of elements is set as the axis for the ternary nitride map. In Supplementary Section 2 we provide further details on the construction and clustering of the map, as well as a comparison with a ternary nitride map constructed from Pettifor's Mendeleev numbers 37 .
Pressure-dependent stability. Using the approach developed by Amsler et al. 45 , the enthalpy, H, of all compounds at a given pressure, p, is approximated by
where p 0 = 0 atm, E 0 is the DFT-calculated total energy at p 0 , Δp = p − p 0 , and V(p 0 ) is the DFT-calculated volume per atom at p = 0. This enthalpy approximation is applied to all phases in each ternary phase diagram, with the exception of N 2 , where the chemical potential is instead determined by accounting for the fugacity of supercritical N 2 as a function of pressure using the empirical reference data in ref. 44 . The stability of each ternary nitride was evaluated against all possible competing ternary, binary and elemental phases in the Materials Project using the resulting pressure-dependent enthalpies from 1 to 50 GPa. Entropic effects and pressure-dependent entropic effects are not accounted for in this pressure analysis. We did not consider ternary pernitrides (N 2 4− ) 63 or polynitrides (such as N 3 ) [64] [65] [66] in this pressure analysis, due to lack of prototypes for the DMSP algorithm.
Synthesis and characterization.
Experimental synthesis of Zn-Me-N and Mg-Me-N thin-film sample libraries was carried out by combinatorial radiofrequency magnetron sputtering using high-purity metal targets as cation sources. Ar and plasma-activated N 2 were used as sputtering gases. Before deposition, the sputtering chambers were evacuated to a pressure lower than 3 × 10 −6 Torr. Cleaned Eagle-XG glass or fused silica slides were used as substrates, chosen specifically to avoid any crystalline substrate effects that could stabilize metastable phases through coherent epitaxial strains. Depositions were performed at a variety of pressures, gas flows, temperatures and sputtering powers to achieve the desired crystalline phases. Cation composition was determined by quantitative X-ray fluorescence. Sample points with exactly the same cation stoichiometry as the theoretically predicted compounds were subjected to high-resolution wide-angle X-ray scattering using the Stanford Synchrotron Radiation Lightsource Beamline 11-3. Further details on synthesis and characterization of Zn-Me-N and Mg-Me-N compounds can be found in Supplementary Section 4.
Metallicity, ionicity and covalency calculations. We compute ionicity from the charge density around each ion, calculated by taking the ratio of the stoichiometrically normalized net atomic charge over the summed bond order obtained from the density-derived electrostatic and chemical approach 67, 68 . We use crystal orbital Hamiltonian population calculations as implemented in the LOBSTER code 69 to decompose the integrated bonding energies of metal-metal interactions (A-A, A-B, B-B) as metallicity, and non-metal interactions (A-N, B-N, N-N) as covalency. To compare Fermi energies and crystal orbital Hamilton population energy depths across a range of structures and compositions, we aligned energy levels from each Perdew-Burke-Ernzerhof calculation to core levels.
On the van Arkel triangle plots, the domain of metallicity, ionicity, covalency (M, I, C) is set by the maximum of each quantity within the dataset. For each phase, (M, I, C) is normalized such that the sum is equal to 1. Nitrogen excess or deficiency is compositionally referenced against the deepest-hull binary nitrides; for example, the formation of nitrogen-rich Ca 2 VN 3 from Ca 3 N 2 and VN requires excess nitrogen, whereas formation of nitrogen-poor Co 2 Mo 3 N from CoN and MoN requires nitrogen loss. To capture ion oxidation and reduction in a reaction from the deepest-hull binary nitrides to the stable ternary nitride, we cannot rely on formal oxidation states, which are often ambiguous to assign from DFT calculations 52 . Instead, we quantify the charge density around each ion i as the net atomic charge δ i , and use the change in the net atomic charge between the deepesthull binary nitrides and a ternary nitride, Δδ i , as a measure of ion oxidation or reduction. Further details of metallicity, ionicity and covalency calculations and analysis are discussed in Supplementary Section 7.
Data availability
We have made the structures and energies of the newly predicted nitrides freely available on the Materials Project (www.materialsproject.org) for readers interested in further investigation. All other data are available from the corresponding authors on request.
